Introduction
Geochemistry deals with the geochemical nature of sediments. It uses the content of elements in rocks to correlate the sequences of sedimentary rocks. Geochemical research on rocks with the aim of correlation has been conducted at least since the 1970s. Recently, such research has even broader usage in mining and exploration geology.
The elemental composition of sediments varies notably and depends on the characteristics of a clastic material and its provenance, conditions of sedimentation, paleoclimate, and diagenesis (Grygar & Popelka, 2016; Ratcliffe et al., 2008; Pearce et al., 2010) . Even apparently homogeneous sequences exhibit some differences in chemical composition, which make chemo correlation a commonly usable tool (especially in the petroleum industry) to determine stratigraphy and to correlate drill holes (Ehrenberg & Siring, 1992; Racey et al., 1995; Pearce et al., 1999; 2005a , 2005b Wray, 1999; Ratcliffe et al., 2004 Ratcliffe et al., , 2006 . It is also commonly used for correlation as a supplementary tool in palaeontological, palynological, mineralogical, and sedimentological research.
Recent geochemical research is frequently used to identify various depositional environments. In the case of rock sequence research, where precise sampling is not possible and palaeontological data are missing, geochemical research is the only possible method that allows identifying the sedimentary environment and correlation of rock sequence. Chemostratigraphical research was conducted for the Upper Carboniferous of the English Midlands area (West Midlands and East Midlands), Southern Wales, the North Sea area (Great Britain; Pearce et al., 2010) , the Netherlands (Kombrik et al., 2008) , and the Bohemian Massif (Germany; Dill et al., 1991) , for example.
The aim of this study is to compare the geochemical character of the paralic and limnic series deposits, and assess the possibilities of usage of certain geochemical indices in the identification of sedimentary paleoenvironments of Carboniferous sequences of the Upper Silesian Coal Basin.
Present level of research 2.1. History of trace element research in the Upper Silesian Coal Basin
Geochemical research concerning the presence of trace, minor, and major elements in the Upper Silesian Coal Basin (USCB) started in the 1950s (Roga et al., 1958; Ryczek, 1959) . They were mainly pertaining to the content of elements in coal and ash. At first, the research concentrated on the analysis of a relationship between each element with the organic or mineral matter in coal (Kuhl et al., 1960; Mielecki & Krzyżanowska, 1961) . This research allowed connecting the presence of elements such as Ca, Mg, Zn, Pb, Cd, Ni, Co, and Cu in coal mainly with the mineral matter (Parzentny, 1989b (Parzentny, , 1990 . The presence of Zn, Pb, Cd, Ni, Co, and Cu may relate to sulphides and clay minerals, while Ca, Mg, Mn may relate to carbonates (Winnicki, 1973; Widawska-Kuśmierska, 1981; Parzentny, 1989b; Diehl et al., 2004) . It is worth mentioning that elements such as Si, Ti, Al, and K in coal are often associated with quartz and clay minerals (Liu et al., 2001) , while K, B, Cu, Ti, Ga, Cr, and Cs may also be associated with other aluminosilicates (Alastuey et al., 2001; Huggins and Huffman, 2004; Zhang et al., 2004) .
Further attempts to establish the link between trace elements and the organic and inorganic matter in coal were based on studying changes of their amounts in high-and low-ash coal (Parzentny, 1989b) . Based on the content of certain elements in fractions of coal characterised by various densities, there were attempts to establish a relation between the quantities of elements with certain constituents of coal (Winnicki, 1973; Parzentny, 1989b; Lewińska-Preis et al., 2001) . Relationships between certain elements and some coal constituents (e.g., Zn, Pb, and Cd) with vitrinite and inertinite were also confirmed.
Geochemical research of coal in the Upper Silesian Coal Basin has also been conducted to establish the average content of elements and to settle the general and local regularity of their allocation in coal deposits (Parzentny, 1989a (Parzentny, , 1991 Hanak & Kokowska-Pawłowska, 2004 , 2006a . Some of the elements show a low indicator of concentration variability in coal and lack clear enrichment or impoverishment zones, which implicate their low mobility and probable syngeneic origin. Among them are V, Cr, Ga, Ni, and Co (Różkowska & Ptak, 1995) . The concentration of Pb, Zn, Cu, and Ba in coal indicate a very high horizontal and vertical diversification in the deposits. Geological and geochemical presuppositions imply their epigenetic origin (Różkowska & Ptak, 1995) .
Recently, the research on the association of elements in coal has been analysed through its environmental aspect. Exploitation, processing, and usage of coal relate to the possible emissions of dust and gases that contain many harmful substances, such as sulphur and nitrogen oxides, chlorine, fluorine, mercury vapours, and heavy metals (Dubiński et al., 2005) . The knowledge of concentration of trace and minor elements (including radioactive elements) in coal has led to many cognitive and practical studies concerning the assessment of efficacy of certain methods of mechanical processing in obtaining coal that is free from noxious constituents and development of technology enabling recovery of elements (Spears, 1965; Parzentny, 1989a Parzentny, , 1989b Parzentny, , 1990 Różkowska, 1993; Różkowska & Ptak, 1995; Olkuski & Stala-Szlugaj, 2009 ).
Geochemical research concerning the presence of trace and minor elements in the Upper Silesian Coal Basin has, thus far, seldom been conducted and was primarily concerned with rocks from interlayers or from the roof and floor of the coal seams. The issue connected with the concentration of trace elements in roof and floor deposits was studied by Chodyniecka et al. (1994) and Hanak and Kokowska-Pawłowska (2003 , 2006b , among others. They proved that the trace element contents in coal are diverse and strongly variable.
Many factors affected various facies environment, diagenetic and epigenetic processes, and mineralogical and petrographic character of rocks (Adamczyk, 1998; Chodyniecka et al., 1994; Hanak & Kokowska-Pawłowska, 2006a) . The outcome of research concerning the trace element content in rocks accompanying the coal seam was used to correlate them with their chemical composition (Adamczyk, 1998) . The presence of interlayers (mostly claystone) and agglomerations of clay, carbonate, and sulphide minerals has a major effect on content and allotment of most elements in coal deposits (Chodyniecka, 1973; Dill et al., 1991; Parzentny, 1999) .
Geochemical research aiming for chemostratigraphic correlation and identification of marine, brackish, and freshwater sediments has not been conducted so far for the Upper Silesian Coal Basin.
Geochemical ratios applied in chemostratigraphic research
Geochemical research used in chemostratigraphy is based on the content of elements and their relationships demonstrated by geochemical ratios. The different geochemical character, even on apparently lithologically homogeneous rock sequences, allows their correct correlation. Marine horizons are commonly used in correlating rock sequences. Geochemical research allows identify-ing the real marine horizons, even if the palaeontological data is missing. Marine bands are broadly used in stratigraphic correlation in coal, oil, and gas geology. There are many indicators that allow to distinguish sediments that are deposited in marine and non-marine sedimentary environments. It has been noted that marine mudstone and claystone vary geochemically (Adams & Weaver, 1958; Archard & Trice, 1990; Leeder et al., 1990; Davies & McLean, 1996; O'Mara & Turner, 1997) .
Marine sediments characterized by an increase in the content of trace elements, especially: uranium (U), molybdenum (Mo), vanadium (V). U, Mo, V and to a lesser extent Cr and Co, tend to be more soluble under oxidising conditions and less soluble under reducing conditions, resulting in authigenic enrichments in oxygen-depleted sedimentary facies (Tribovillard et al., 2006) . The enrichment in uranium and other trace elements, which is present in sediments deposited in anaerobic conditions and its main source of origin is seawater (Algeo & Maynard, 2004; Taylor & McLennan, 1985; Tribovillard et al., 2006; Xu et al., 2012) .
Classic 'marine bands' are usually represented by black shales with higher levels of uranium (U), a high level of gamma radiation, and the presence of goniatites (Pearce et al., 2010) . Uranium is mostly concentrated in organic matter in shales deposited in an anoxic environment (Adams & Weaver, 1958; Archard & Trice, 1990) . Davies and McLean (1996) and O'Mara and Turner (1997) , based on research of the Namurian in the English Midlands (West Midlands and East Midlands), stated that marine sediments are characterised by a higher U content (U > 6 ppm). Leeder et al. (1990) presented a similar conclusion concerning the U content in Namurian and Westphalian sediments around the North Sea.
Marine dark mudstone contains more U than the freshwater and brackish ones, as it was deposited in a toxic environment where U is present as a more soluble U 6+ . In marine sediments that are deposited in an anoxic environment, insoluble U 4+ is present. In sediments containing a lot of organic matter, U may be captured and bound with an amorphous organic matter, plant fossils, or clay minerals (Archard & Trice, 1990; Leeder et al., 1990) . Uranium is mostly concentrated in organic matter cumulated in shales deposited in anoxic environments (Adams & Weaver, 1958; Archard & Trice, 1990; Leeder et al., 1990; Davies & McLean, 1996; O'Mara & Turner, 1997) .
The U content of sediments is a combination of authigenic and detrital components, and authigenic U is a suitable indicator of redox conditions (Jones & Manning, 1994) . Per Wignall and Myers (1988) , authigenic U can be calculated as U aut = U tot − Th/3, with Th/3 as an estimate of the detrital U fraction in mudstone. Reducing conditions may precipitate U to enrich the sediment in 'autogenic' (nondetrital) U.
Marine sediments are characterised by a low ratio of Th/U. According to Davies and McLean (1996) , the Th/U ratio for marine sediments is 3.8, Hollywood and Whorlow (1993) stated that the ratio is below 3, and Adams and Weaver (1958) established the boundary ratio as Th/U = 2. The research conducted by Kombrink et al. (2008) for the Upper Carboniferous sediments from the Netherlands showed that the ratio introduced by Hollywood and Whorlow (1993) (Th/U = 3) has a broader usage. Brackish sediments may be mistakenly classified as marine sediments if the higher ratio is adopted. According to Davies and McLean (1996) , the Th (ppm)/K 2 O (%) ratio is below 6 (or below 6×10 -4 when it keeps the value as dimensionless weight), which also points to marine sediments.
In geochemical characteristics of the marine band, Pearce et al. (2010) used Mo, Cu, Zn, Ni, V, Zr, and P 2 O 5 in addition to Th and U. The participation of these constituents is expressed by their ratio to Al 2 O 3 to level the variations of the mineral composition of rocks. In marine sediments, the amount of P 2 O 5 is usually higher, and 0.02 is taken as a boundary value of the P 2 O 5 / Al 2 O 3 ratio. While using this ratio, it is worth remembering that P 2 O 5 may be higher in mudstone with Lingula and fish scales. A high accumulation of heavy minerals in rock may also cause the rise of the amount of P 2 O 5 and U. To identify marine and non-marine claystone, Roaldset (1978) proposed the MgO/Al 2 O 3 to K 2 O/Al 2 O 3 ratio. However, Roaldset (1978) propose the diagram that is used to separate marine and non-marine creations, and as a criterion of this separation, point to the MgO/Al 2 O 3 ratio regardless of the K 2 O/Al 2 O 3 ratio. Sediments characterised by the MgO/Al 2 O 3 ratio that is higher than 0.05 are marine sediments.
Moreover, marine sediments are characterised by larger concentration of vanadium than limnic sediments (Breit & Wanty, 1991; Kombrink et al., 2008) . The exact boundary value is not known and identification of sedimentary environment is based on the average value of V for each rock series. Marine and lacustrine sediments may also be identified by the V/Cr ratio. Sediments with the ratio higher than 1.5, are the marine rocks and those with the ratio from 0.2 to 1.5 are lacustrine (Adamczyk, 1998; Dill et al., 1991) .
Sampling and methodology
The samples (claystone and sandy claystone) were taken from limnic and paralic series of USCB from the area of Zabrze and Rybnik (Fig. 1-2) . Paralic series includes mudstone with claystone and sandstone interlayers, in which participation is not higher than 30%-40%. The (after Kotas, 1982, modified) . Explanations: 1 -Kwaczała Arkose, 2 -Libiąż layers, 3 -Łaziska layers, 4 -Mudstones Series, 5 -Upper Silesian Sandstone Series, 6 -Paralic Series, 7 -diastrophic marine sediments, 8 -Devonian carbonate and clastic marine sediments, 9 -metamorphic rocks, A -study area coal mines Chwałowice, Jankowice, Marcel, Rydułtowy, B -study area coal mine Sośnica-Makoszowy characteristic feature of this series is the presence of claystone inserts with marine fauna that are used as correlation levels (Jureczka & Kotas, 1995) . The research materials were taken from the roof and base of coal seams, the coal seam 620 that represents the Poruba Beds (namurian A), constituting the highest part of the paralic series. The coal seam 620 was sampled in the coal mines 'Sośnica-Makoszowy', 'Marcel', and 'Rydułtowy'. Limnic series (Upper Silesian sandstone series, mudstone series, and Cracow sandstone series) are characterised by diverse lithological development. The series of mudstone that is the subject of research is characterised by quite homogenous rock sequences. This series is composed mainly of mudstone and claystone with a few sandstone interlayers (Jureczka & Kotas, 1995) . The research materials were taken from the roof and base of coal seams; the coal seam 405 that represents the Zaleskie Beds (westphalian A) belongs to the mudstones series. The coal seam 405 was sampled in the following coal mines: 'Sośnica-Makoszowy', 'Chwałowice', and 'Jankowice'. The samples selected for the geochemical research represent a similar lithology (43 samples of claystone and two samples of sandy claystone). Twelve samples of the claystone were from the Poruba Beds of the paralic series, and 31 samples of the claystone and two samples of the sandy claystone were from the Zaleskie Beds of the limnic series.
For all samples, the concentration of main and trace elements was determined with the use of inductively coupled plasma mass spectroscopy (ICP-MS) in a Canadian laboratory, Activation Laboratories Ltd. (ACTLABS). The samples were prepared using multi-acid whole-rock digestion, (4-acid digestion) hydrofluoric acid (HF) + perchloric acid (HClO 4 ) + hydrochloric acid (HCl) + nitric acid (HNO 3 ) were applied.
For this paper, we chose trace elements and oxides that are mostly used in chemostratigraphy and identification of marine, brackish, and freshwater beds (Cr, Th, U, V, AL 2 O 3 , MgO, K 2 O, and P 2 O 5 ).
Results of geochemical research from limnic and paralic series of the Upper Silesian Coal Basin
43 samples of claystone and two samples of sandy claystone from the roof, floor, and bands of 620 (paralic series) and 405 (limnic series) coal seams were analysed. Basic petrological studies have shown the pelitic texture of the rock samples. The petrographic composition found the dominance of minerals of clayey minerals, with some admixtures of quartz, micas (biotite > muscovite) and rare carbonates, mainly siderite. Moreover, they contain dispersed organic matter (coal).
The chemical composition of claystones is characterised by dominating presence of SiO 2 among all determined components. The content of SiO 2 is differentiated and varies from 45.5 to 54.5% in the sample from the pralic series, and from 44.6 to 61.3% in the sample from the limnic. The content of Al 2 O 3 vary from 21.1 to 24.3% and, from 17.7 to 25.4% respectively.
The content of the other chemical components is similar in all samples. Geochemical research has shown some differences in trace elements' concentrations.
In the samples from the Poruba Beds (coal seam 620), the average content of U is equal to 6.3 ppm, and most of the U can be interpreted as the authigenic U (average U aut -3.9 ppm) not connected with detrital components (Tab. 1). Autogenic U is connected mainly with organic substances (Algeo and Maynard, 2004; O'Mara and Turner, 1997; Taylor and McLennan, 1985) and seawater is indicated as the main source of U (Taylor and McLennan, 1985) . In the samples from the Zaleskie Beds, the content of U is lower at 4.8 ppm, and the content of the authigenic U is very low (average U aut -0.13 ppm; Tab. 1). The participation of Th is expressed by an inverse relation. The concentration of this element in the Zaleskie Beds is 14.1 ppm and is decisively higher than in the Poruba Beds at 7.3 ppm. The Th/U ratio, depicted in literature as one of the most basic indicators identifying marine bands, is equal to 1.1 for Poruba Beds and 3.0 for Zaleskie Beds. The ratio of the content of those elements, illustrated by the graph, indicates the presence of two populations of samples, which clearly shows the distinctness of this ratio for samples from Poruba and Zaleskie Beds (Fig.3) . The analysis of Th and U content in examined samples shows proper marine and non-marine environment of sedimentation, and the genesis of those beds connected with sediment conditions of paralic and limnic series. Another indicator that is possibly useful in identification of marine sediments is the Th/K 2 O (ppm/%) ratio. The average concentration of K 2 O in analysed samples from Poruba Beds is 1.7% and in samples from Zaleskie Beds K 2 O equals 3.3%. The average value of the Th/K 2 O indicator equals, respectively, 4.4 and 4.3, indicating very similar values for paralic and limnic beds. The authors, in their preliminary research, noted that this ratio should be used cautiously for identification and correlation of the Upper Silesian Coal Basin deposits. Similar values of this ratio result from the fact that the increase of Th is accompanied by the increase of K 2 O. The fact that both Th and K 2 O have a lower value in Poruba Beds than in Zaleskie Beds is also worth mentioning. It allows identifying these beds based on a relation between Th and K 2 O (Fig. 4) .
The concentration of P 2 O 5 was also analysed with the use of the P 2 O 5 /Al 2 O 3 indicator. For the rock samples from the Poruba Beds, it is 0.038 and for Zaleskie Beds, it is 0.004. According to Pearce et al. (2010) , the value of the P 2 O 5 /Al 2 O 3 indicator separating the marine sediments from limnic ones is P 2 O 5 /Al 2 O 3 = 0.02. This indicator properly points to the sedimentary envi-ronment of rocks originating from the paralic and limnic series of the Upper Silesian Coal Basin. The relation P 2 O 5 /Al 2 O 3 , depicted by the graph (Fig. 5) , clearly points to two separate sets that represent Poruba and Zaleskie Beds. The diagram of the MgO/Al 2 O 3 to K 2 O/Al 2 O 3 ratio (Fig. 6) , proposed by Roaldset (1978) , clearly shows two populations with different genesis. The MgO/Al 2 O 3 value determines the sedimentary environment for Zaleskie Beds and equals 0.04, which is below 0.05 and is typical for non-marine sediments. For Poruba Beds, it equals 0.07, suggesting a marine sedimentary environment.
An analysis of V and Cr values and their reciprocal relations in the analysed samples from the Upper Silesian Coal Basin was also conducted. The content of vanadium for Zaleskie Beds samples oscillates between 139 and 247 ppm, with an average value of 168 ppm, for Zaleskie Beds samples, it oscillates between 104 and 180 ppm with the average value of 143 ppm. The higher participation of vanadium points to the marine genesis of deposits. The V/Cr ratio was also analysed, which equals on average 3.3 for Poruba Beds and 1.3 for Zaleskie Beds. According to the literature, threshold value for marine and non-marine sediments equals V/Cr = 1.5. The graph depicting the V/Cr ratio clearly shows two populations of samples with different genesis (Fig. 7) .
Summary and discussion
To assess the applications of usage of certain geochemical indices in chemostratigraphy of the Upper Silesian Coal Basin, geochemical analyses of samples taken from paralic and limnic series of the USCB were made. The parameters that are frequently used in inorganic geochemistry for identifying the marine and non-marine sediments were analysed: U, Th, Th/U, K The indicators that are based on radioactive elements (U, Th) proposed by Adams and Weaver (1958), Archard and Trice (1990) , Leeder et al. (1990) ; Davies and McLean (1996), O'Mara and Turner (1997) , and Hollywood and Whorlow (1993) may be applied to the Carboniferous in the Upper Silesian Coal Basin. The content of U in Poruba Beds (paralic series) equals an average of 6.3 ppm, so it is higher than the boundary 6.0 ppm suggested by Davies and McLean (1996) and Leeder et al. (1990) as a bound for marine and non-marine sediments. The average value of the Th/U ratio for the Poruba Beds equals 1.1 and is 3.0 for Zaleskie Beds. Because of that, as a boundary value of marine and non-marine sediments for the productive series of the USCB, the value of 2.0 after Adams and Weaver (1958) or the value of 3.0 after Hollywood and Whorlow (1993) and Kombrink et al. (2008) can be used.
According to the authors of this paper, another geochemical indicator, Th/K 2 O (Th/K 2 O < 6 for marine sediments), has limited usage for the rocks from the USCB. The average values of this indicator for Poruba and Zaleskie Beds are similar (4.4 and 4.3), which is connected to the fact that, in the examined samples, the growth of the Th value is accompanied by the growth of K 2 O.
As an indicator of marine sediments, Pearce et al. (2010) gave the content of P 2 O 5 expressed by the P 2 O 5 to Al 2 O 3 ratio, which is higher than 0.02 for marine sediments. This indicator is used in the analysis of the Upper Silesian Coal Basin deposits.
The essential indicator of marine and non-marine sediments is the (MgO/Al 2 O 3 )/(K 2 O/Al 2 O 3 ) ratio, in which the crucial meaning has the MgO/Al 2 O 3 value that, according to Roaldset (1978) , is lower for the non-marine sediments (<0.05). The analysis of this indicator for the Upper Silesian Coal Basin sediments showed its usability for the identification of the sedime ntary environment.
The research conducted by the authors of this paper shows that samples of paralic series of the USCB are characterised by the higher content of V, similar to the marine sediments of Western Europe. The V/Cr indicator is higher than 1.5 for marine sediments (Adamczyk, 1994; Dill et al., 1991) and in the case of samples from the Poruba Beds, it equals 3.27, confirming that this indicator may be used for the Upper Silesian Coal Basin deposits.
Conclusion
The research shows that the geochemical character of rocks (claystone and sandy claystone) is different for Poruba Beds of the paralic series than for Zaleskie Beds of the limnic series. The analysis of the elements and their relationships allows distinguishing two populations representing paralic and limnic series. The research of certain geochemical indicators shows that indicators such as U, Th, Th/U, P 2 O 5 /Al 2 O 3 , V/Cr, and ((MgO/Al 2 O 3 )/(K 2 O/Al 2 O 3 ) may be used to identify the sedimentary environment and to correlate geochemical rock sequences in the Upper Silesian Coal Basin.
